Purpose of Review Two developmental courses through which alcohol use disorder (AUD) may emerge include externalizing and internalizing pathways. We review recent neuroimaging studies of potential neural risk factors for AUD and link findings to potential behavioral risk factors for AUD. Recent Findings There is evidence that early emerging weakness in prefrontal functioning and later-emerging differences in reward system functioning contribute to an externalizing risk pathway. Stress may be an important contributor in the internalizing pathway through a blunting of reward-related activation, which may act alone or in combination with heightened emotion-related reactivity. Summary This review highlights areas for future work, including investigation of the relative balance between prefrontal and subcortical circuitry, attention to stages of AUD, and consideration of environmental factors such as stress and sleep. Particularly important is longitudinal work to understand the temporal ordering of associations among brain maturation, behavioral risk, and alcohol use.
Introduction
Rates of alcohol use rise steadily throughout adolescence, peaking in young adulthood and declining thereafter [1, 2] . Incidence of first-time alcohol use disorder (AUD) follows a similar pattern, peaking between the ages of 18 to 20 years [3] . Adolescence is a period when substantial changes occur in personality, behavior, and neural development. Models of adolescent brain development have proposed maturational changes occurring in brain systems underlying behavioral and emotional regulation that may contribute to the normative increases in alcohol and other substance use during the teen years. Specifically, differences in the maturation rate between subcortical reward and emotion circuitry (maturing earlier) and prefrontal control circuitry (maturing later) are believed to result in increased reactivity to novel, rewarding, or emotional stimuli during adolescence [4] [5] [6] . This suggests a developmental vulnerability that may underlie normative trends in alcohol use through effects on risk-taking behavior and emotional lability. However, these models are not sufficient to understand individual differences in risk for AUD. Certainly, not every adolescent experiments with alcohol, and not all of those who use alcohol progress to have alcohol-related problems.
A large literature considers AUD from a developmental perspective and posits two pathways through which risk for AUD may emerge, with antecedents observable in childhood: an externalizing pathway and an internalizing pathway (see review in [7] ). We use these pathways as an organizing heuristic in this review in an effort to bridge the gap between the established literature on behavioral risk factors for AUD and emerging findings from work grounded in developmental This article is part of the Topical Collection on Addictions neuroimaging. We review studies published in the past 5 years that attempt to draw conclusions about risk for alcohol-related problems and AUD, with a particular focus on prospective studies and risk conferred by family history. Although the literature on consequences of alcohol use is outside the scope of this review, we do acknowledge there are important reciprocal relations between risk factors and alcohol use across development.
Externalizing
An externalizing risk pathway is characterized by problems with self-regulation such as aggression, impulsivity, sensation-seeking, and rule-breaking, with the primary deficit being one of behavioral undercontrol or disinhibition [8] . Disinhibited behavior may stem from an imbalance between top-down inhibitory control circuitry centered in the prefrontal cortex (PFC) and bottom-up reward-related circuitry, including the ventral striatum (VS) [8, 9] . The majority of research on this neural circuitry in the context of risk for AUD has investigated these systems separately. Therefore, we begin this section with a review of recent neuroimaging findings in each of these neural systems; we then turn to a review of the broader literature that addresses differential effects of these systems at different stages of AUD risk and the importance of the balance between these two neural systems. Recent studies reviewed in this section are detailed in Table 1 .
Neuroimaging Studies of Inhibitory Control
Neural correlates of inhibitory control have received considerable attention in the neuroimaging literature on risk for alcohol and other drug problems. Early studies focused on cross-sectional comparisons of higher-versus lower-risk youth, based on family history or potential behavioral risk factors [26, 27] . More recent work has examined prospective associations between activation during inhibitory control and later substance-use outcomes [11, 12, 28] or trajectories of inhibitory control circuitry in at-risk youth [29] . As reviewed elsewhere [30•] , findings from these studies converge on the conclusion that a weakness in response inhibition circuitry in childhood and early adolescence is a risk factor for later alcohol and other drug problems. In particular, the evidence suggests that blunted activation in the PFC early in development and prior to significant substance use is associated with heightened risk. Furthermore, prospective studies that have differentiated between successful and failed inhibition find that the magnitude of PFC activation specifically during inhibitory errors is associated with later problem drinking [10, 13] , suggesting that differences in error monitoring and performance adjustment circuitry may underlie risk. Of note, Heitzeg and colleagues provide evidence that blunted activation in this circuitry is linked to an externalizing risk pathway [10] .
Neuroimaging Studies of Reward Responsivity
Studies investigating reward circuitry in the context of risk for AUD have had mixed findings, which are likely due to differences in ages and level of prior use (reviewed in [30•] ). Muller and colleagues found no differences in reward activation in the VS between 13-and 15-year-olds with a family history of AUD and a matched control sample [31] , consistent with prior work in 12-16-year-olds [32] . Heitzeg and colleagues investigated the impact of genetic variation in GABRA2, which has been associated with an externalizing risk pathway to AUD [33] , on reward-related VS activation across development from childhood to early adulthood [14•] . Carriers of the GABRA2 risk allele had greater VS activation in adolescence but not in childhood or young adulthood. Furthermore, VS activation was positively correlated with later alcohol problems. These findings suggest that reward-related risk for AUD may be developmentally modulated, which may explain negative findings in younger samples [31, 32] . Waller and colleagues reported that escalation in alcohol use from ages 11 to 17 years was associated with increased VS activation during reward anticipation measured at age 20, which was in turn associated with a greater number of AUD symptoms at age 22 [16•] . These findings not only lend support to a role for increased VS activation in risk for AUD, but also highlight the importance of attending to the reciprocal influence of alcohol use and brain function. Specifically, it is unclear from these findings whether the association between increased alcohol use during adolescence was a cause or a consequence of heightened VS activation.
The studies reviewed above all focused on effects specifically within the VS. Other work has investigated broader circuitry engaged during reward tasks that may be associated with risk. Stice and colleagues reported that 14-17-year-olds with parental substance use disorders had greater activation in the dorsolateral PFC and putamen and less activation in attentional regions to monetary reward anticipation compared with controls [15] . A prospective study found that heightened reward-related activation in the superior frontal gyrus and reduced activation in posterior regions at age 14 was associated with binge drinking by age 16 [13] . Together, these findings indicate a broader network may be involved in reward-related risk for AUD. Specifically, reduced activation to reward in posterior regions, including occipital and temporal cortices and posterior cingulate, may indicate that abnormal attention to and/or processing of rewarding stimuli contributes to risk. The Externalizing Pathway and Stages of AUD Risk
The development of AUD is a multistage process that begins with the initiation of alcohol use, followed by recurrent use, escalation of use, and compulsive use for a subset of users. Vulnerabilities in inhibitory control and reward systems may impact the development of AUD differently across stages of the addiction cycle (reviewed in [34] ). Some evidence in support of this view comes from longitudinal studies focusing on impulsivity and sensation-seeking. Impulsivity involves the tendency to act or make decisions without much forethought [35] and may be mediated by prefrontal, cognitive-control circuity. Sensation-seeking is the tendency to seek novel, intense, exciting, or risky experiences [36] , and may be supported by subcortical, reward-responsive circuitry, including the VS. Consistent with the underlying neural circuitry, impulsivity decreases from late childhood to adolescence, whereas sensation-seeking follows an inverted U-shaped trajectory that peaks in middle adolescence [37] . In a longitudinal study beginning with alcohol-naïve youth (average age 12 years), Lopez-Vergara and colleagues found that sensation-seeking was associated with initiation of alcohol use, but not with escalation in use, over the next 3 years [20•] . In an older sample, Quinn and Harden reported that trajectories of sensation-seeking were not associated with changes in substance use over time whereas a slower decline in impulsivity from ages 15 to 26 years was associated with a more rapid increase in alcohol and other drug use [21••] . Taken together, these studies are consistent with animal work suggesting that experimentation with substances may be related to a tendency to seek novel, rewarding, or exciting experiences, whereas the escalation of use preceding compulsive use and addiction may be more closely linked to impulsivity [38] . However, Charles and colleagues report evidence that both impulsivity and sensation-seeking may distinguish youth who used substances by age 15 years from those who did not [17] , demonstrating that these associations are not clear-cut. Recent work has shed further light on these relationships by focusing on the balance between reward and inhibitory control systems. In a cross-sectional study of 13-14-year-olds, high reward sensitivity was associated with earlier age of substance use onset when coupled with low, but not high, inhibitory control [19] . This work, however, could not address escalation of use due to the young sample and cross-sectional design. In a 4-year longitudinal neurocognitive study beginning when participants were 11-13 years old, Khurana and colleagues found that heightened reward-seeking balanced by strong executive control was associated with experimentation with substances but not progression of use, whereas an imbalance resulting from heightened reward-seeking and weak executive control was associated with progression of substance use [18••] . To our knowledge, no neuroimaging studies of AUD risk to-date have investigated how the interaction between inhibitory control and reward circuitry may uniquely predict specific stages of AUD risk. This will be an important direction for future research.
Internalizing
An internalizing risk pathway is characterized by problems with negative emotionality, such as depression and anxiety, with emotion regulation being the primary deficit [7, 39] . The ability to self-regulate emotions depends on strengths of connections between the PFC and limbic system structures, notably the amygdala [40, 41] . Similar to behavioral disinhibition, emotional dysregulation is believed to stem from an imbalance between top-down prefrontal control and bottomup subcortical systems. The main distinction is the involvement of emotion-related limbic structures, such as the amygdala, as well as reward-related circuitry in emotional dysregulation [42, 43] . We begin this section with a review of recent neuroimaging studies that target emotion regulation or emotion processing to explore how differences in these systems may be related to risk for AUD. We highlight the importance of considering gender-related differences and then turn to a discussion of broader considerations in internalizing research. Recent studies reviewed in this section are detailed in Table 2 .
Neuroimaging Studies of Emotion Circuitry
Early work has shown that non-abusing adolescents and young adults with parental AUD have reduced amygdala volumes and decreased amygdala activation in response to emotional stimuli [51, 52] . However, in the two recent studies examining possible influences of familial risk on emotion circuitry functioning in adolescents, neither supported activation differences localized to the amygdala. Peraza and colleagues assessed emotion circuitry using subliminal fearful and neutral facial expressions in youth with and without parental AUD prior to heavy alcohol use [44] . Youth with parental AUD showed altered activation in the superior parietal lobe but not the amygdala, suggesting a difference in the attention network responsible for processing the salience of emotional stimuli.
Cservenka and colleagues investigated the association between emotion processing and executive functioning in risk for AUD using an emotional go/no-go task and resting-state connectivity with a seed in the amygdala [45] . Compared with control participants, youth with parental AUD had reduced activation in the superior temporal cortex during positive emotional contexts, reduced activation in frontal and striatal regions during emotionally valenced inhibitory control trials, and greater negative connectivity between the left amygdala and superior frontal gyrus, which was related to poorer inhibitory control. These findings suggest that emotional information influences frontal lobe functioning in at-risk youth, potentially due to altered functional connectivity between affective and cognitive networks.
Gender-Related Differences in Internalizing Risk
The positive association between internalizing symptoms and substance use may stem from motivations to offset negative affect and regulate emotions [39] . Adolescent girls are more likely than boys to use substances to cope [53] and to suffer from internalizing disorders such as depression [54] , suggesting possible gender-related differences in risk pathways to AUD. Furthermore, gender-related differences in amygdala maturation and PFC-amygdala connectivity may affect vulnerability to internalizing problems (reviewed in [55] ). However, the investigation of how gender-related differences in this circuitry may contribute to risk pathways for AUD has not been well studied to date. One recent exception investigated whether high-risk (based on parental AUD) males and females have different trajectories in emotion-circuitry development using longitudinal fMRI [46• ]. Participants performed an affective word task during an initial fMRI scan at age 8-13 years, and subsequent fMRI scans followed at 1-to 2-year At-risk males demonstrated significantly decreasing activation to negative versus neutral stimuli across age in the right amygdala and precentral gyrus, whereas activation in at-risk females remained steady across development in these regions. Internalizing symptomology for at-risk females significantly increased with age, whereas it decreased in at-risk males. These results suggest genderspecific neural and behavioral patterns related to internalizing vulnerabilities, which may be relevant for understanding gender differences in risk pathways to alcohol-use problems.
Considerations in Internalizing Research
The study of neural correlates of an internalizing risk pathway to AUD is in its infancy. As the field moves forward, it will be important to understand the complex nature of this pathway. While the association between depression, anxiety, and alcohol use is fairly consistent in adults, results in youth are less consistent. For example, two studies tracked childhood internalizing symptoms to determine associations with later adolescent alcohol use. One found a negative association between children who experienced elevated levels of internalizing symptoms and alcohol use in early adolescence [47] , while the other found a positive relation between cumulative precursive depression symptoms and age of alcohol-use onset [48] . Hussong and colleagues posit that mixed results such as these arise from several factors including methodological differences in the measurements of internalizing symptoms and substance-use outcomes [7] . Thus, the inconsistency between the two studies above may stem from differences in specific internalizing features assessed in each study (composite internalizing versus depression), as well as the developmental periods when onset of alcohol use was measured (early adolescence only versus onset across adolescence). Another major factor likely contributing to mixed findings in the internalizing literature is a comorbidity between externalizing and internalizing in youth that has largely been ignored until recently [7] . A systematic review by Hussong and colleagues investigated 61 prospective studies, accounting for the contribution of externalizing symptoms and considering studies by types of negative affect (anxiety, depression, or composite internalizing) and types of substance-use outcome [56•] . They report that the most consistent finding was for a prospective association between depressive features and substance use-particularly for alcohol use 2 years laterwhen controlling for externalizing symptoms. This work highlights the relevance of considering both externalizing and internalizing features, as well as specific types of internalizing features (e.g., depression versus anxiety), to fully understand how AUD risk may develop. To our knowledge, no neuroimaging studies of AUD risk to-date have investigated the unique and interacting associations between externalizing and internalizing circuitry and behavior. Of note, however, is work by Nikolova and colleagues [24••] , reviewed below, and that by Hulvershorn and colleagues [49] , who acknowledged that mood dysregulation is often found in high-risk samples with high rates of externalizing disorders and that both are likely contributors to risk for substance-use problems. Emotion-circuitry functioning in high-risk youth, defined as having both parental substance use disorder and elevated rates of externalizing psychopathology, was compared with that of healthy control subjects. High-risk youth had greater activation in the medial PFC, precuneus, and occipital cortex during a facial emotion (angry, fearful) matching task. Occipital activation in the high-risk group was positively correlated with emotional lability/ negativity and emotional flatness. This research illustrates that deficits in affective processing and regulation may be a contributing risk factor for the development of AUD even in youth with high levels of externalizing problems. Investigating the unique and interacting contributions between externalizing and internalizing circuitry and risk behavior represents an important direction for future research.
Environmental Influences on Risk Pathways for AUD
Multiple factors may influence the risk for AUD. It has been estimated that genetic influences account for approximately 40-60% of variance in risk, with the remaining variance attributed to environmental factors [57] . In youth with parental AUD, it is difficult to disentangle genetic from environmental influences. In this section, we discuss two influences that may impact the development of risk for AUD, both of which are not only likely to be increased in at-risk youth with parental AUD, but are also uniquely relevant to the sensitive developmental period of adolescence: stress and sleep disturbances.
Stress and Risk Pathways for AUD
Stressors such as adverse life events, problems at school, and arguments with parents or peers are not only normative during adolescence but also associated with increased risk for alcohol use [58] . Furthermore, familial risk for AUD increases the likelihood that the child will be exposed to early life stress [59] . Stress may impact brain maturation, influencing structure, function, and connectivity in emotion and reward systems [60, 61] , heightening the risk for problem alcohol involvement through both externalizing and internalizing pathways. Here we review an emerging literature on the impact of stress on brain mechanisms associated with AUD risk.
Fava and colleagues examined prospective associations among adverse childhood experiences (ACEs), externalizing behavior, anterior cingulate activity during inhibitory errors, and problematic alcohol use [22] . They found that ACEs prior to age 11 were positively associated with externalizing behaviors at ages 12-14 years, which in turn was associated with problematic alcohol use at ages 15-17. Furthermore, greater ACEs were associated with reduced anterior cingulate activity, which in turn was associated with higher externalizing behavior, suggesting a neural pathway through which ACEs may impact alcohol-use problems. Casement and colleagues focused on the prospective impact of cumulative stressful life events on neural function related to reward responsivity and alcohol use [50] . Stressful life events were measured annually from ages 15 to 18 years, and alcohol-related problems and brain activation to reward were measured at age 20 in a community sample of males. Higher cumulative stress was associated with decreased activation in the medial PFC during reward anticipation and reward outcomes, which was in turn related to symptoms of alcohol dependence. Blunted activation to reward has been consistently associated with depression [62] , suggesting that these findings may be tapping a mechanism through which stress impacts an internalizing pathway to risk for AUD.
Nikolova and colleagues explored the association between stress and AUD risk via two pathways that map onto externalizing and internalizing: behavioral disinhibition/positive emotional enhancement probed with VS response to reward, and negative emotion relief/coping probed with amygdala response to threat [24••] . A greater mismatch between VS and amygdala activity (i.e., low VS coupled with high amygdala activity, high VS coupled with low amygdala activity) was associated with stress-related problem drinking, but a balance between this activity (e.g., low VS with low amygdala activity) was protective. Furthermore, the high VS-low amygdala risk phenotype was associated with drinking to enhance positive emotions, whereas the low VS-high amygdala risk phenotype was associated with drinking to cope with negative emotionality and stress. Of note, males showed heightened activation for threat-related amygdala reactivity and rewardrelated VS reactivity as well as a greater extent of alcohol problems measured at the time of the scan relative to females.
The work reviewed here suggests that stress may impact both internalizing and externalizing pathways to AUD. Findings presented by Nikolova and colleagues [24• •] is of particular interest as it demonstrates unique neural signatures of internalizing and externalizing risk influenced by stress and begins to address gender-related differences in these associations.
Sleep and Risk Pathways for AUD
Developmental changes in sleep behavior and physiology coincide with maturational changes in the brain during adolescence, with implications for a variety of outcomes, including risk-taking, motivation, and emotional regulation [63, 64] . As such, adolescents who experience sleep deprivation or disrupted sleep may be predisposed to increased externalizing and internalizing problems, thereby impacting risk for AUD. Furthermore, recent research indicates that children sleep less and have poorer quality sleep in homes in which parents display problem drinking [65] or have an AUD diagnosis [66, 67] , which may further exacerbate this risk. Here, we review recent work that has demonstrated a role of sleep on the neural circuitry involved in risk for AUD, and, in some cases, alcohol outcomes.
Telzer and colleagues tested the cross-sectional association between sleep quality and outcomes of cognitive control and risk-taking in adolescents [25] . Poor sleep quality was associated with reductions in dorsolateral prefrontal cortical activation during successful go/no-go inhibition, increased insula activation to reward processing during a balloon analogue risk-taking task, and reductions in functional coupling between the dorsolateral prefrontal cortex and insula, VS, and anterior cingulate. Although this study did not test alcohol outcomes, it suggests a connection between sleep problems and disrupted brain function related to externalizing problems. More recently, Hasler and colleagues investigated longitudinal associations between sleep-wake timing, reward responding, and alcohol use in males [23] . A preference for later sleepwake timing was associated with increased medial PFC responses to winning money 2 years later, which was in turn associated with increased alcohol dependence symptoms, again supporting an effect of circadian factors on risk for AUD via an externalizing pathway.
To our knowledge, there is no existing work linking circadian factors, neural correlates of internalizing behaviors, and AUD risk in adolescents, although some associations have been established. For example, there is strong evidence from a longitudinal study for prospective relations between sleep deprivation in adolescents and depression 1 year later [68] . In young adults, Prather and colleagues found that sleep quality moderated an association between amygdala reactivity and depressive symptoms, with heightened activity associated with greater depressive symptoms only in those with poor sleep quality; this association was significant in males but not females [69] . In healthy adults, poor self-reported sleep quality was found to be associated with reduced prefrontalamygdala functional connectivity, which was further correlated with subjective psychological distress, including anxiety and depression [70] . This work suggests links between sleep, brain function, and emotion regulation. Establishing how these associations might interact across adolescence to influence internalizing risk for AUD will be an important future research direction.
Conclusions
Although high-risk behavior, including alcohol use, increases during adolescence, only a minority of adolescents develops serious alcohol-related problems. Therefore, normative neurobiological changes are not sufficient to account for the development of AUD. Two developmental pathways through which risk for AUD may emerge include externalizing and internalizing pathways. Extensive evidence supports a role for the externalizing pathway, which is underpinned by disinhibited behavior, and recent research has converged on a role for a weakness in prefrontal inhibitory control systems observable in childhood and early adolescence prior to significant substance use in this pathway. Furthermore, evidence is accumulating for an impact of both stress and sleep problems on this pathway through effects on prefrontal functioning.
Evidence for a role for reward-related circuitry in externalizing risk for AUD is less clear, which is likely due to several interacting factors. First, reward-related risk for AUD may be developmentally modulated, with the sensitive period occurring only during adolescence, which is further complicated by individual differences in rates of maturation. Second, rewardrelated risk factors for the initiation of, or experimentation with, alcohol use may differ from those for escalation to problem use, and these stages have not been sufficiently disentangled in the neuroimaging literature. A related consideration is that the balance between inhibitory control and reward circuitry may be more relevant to specific stages of AUD risk than the individual contribution of each considered in isolation. Finally, there is theoretical and empirical support to link both heightened and reduced reward-related activation to risk for AUD via the externalizing and internalizing pathways, respectively, suggesting a more nuanced approach is required to detect risk signatures in the reward pathway.
Extensive evidence also exists to support the internalizing risk pathway for AUD, although the manner in which it operates is complex. Thus far, there is no convergence of findings in the developmental neuroimaging literature investigating this pathway with respect to risk for AUD. Few studies have focused on emotion regulation in at-risk youth, and the methodologies are not consistent across those that have. Thus far, there is promising work to suggest that stress may an important contributor in this pathway through a blunting of reward-related brain activation, which may act alone or in combination with heightened reactivity in emotion circuitry.
Furthermore, there is emerging evidence for gender-related differences in risk-related neural underpinnings of the internalizing pathway. Further exploration of these differences, effects of stress and sleep disturbances, and co-occurring externalizing symptomology will be important future directions for research to understand the internalizing risk pathway.
A critical issue from a broader perspective is the difficulty in disentangling the temporal ordering of the associations among brain maturation, behavioral risk factors, and alcohol use. For example, while neurobiological processes may increase the likelihood of substance use, exposure to substances may also influence neural maturation in such a way as to further exacerbate substance-use problems as well as related behavior problems and psychopathology. Long-term longitudinal studies in large, diverse samples such as the Adolescent Brain Cognitive Development study will allow the comprehensive modeling of interacting and cascading associations among externalizing and internalizing behaviors and symptomatology, environmental influences, alcohol use, and brain maturation over time. This will be necessary for a thorough understanding of the interplay among the many influences that may contribute to the emergence and persistence of AUD across development.
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